Ewing sarcoma usually expresses the EWS/FLI fusion transcription factor oncoprotein. EWS/FLI regulates myriad genes required for Ewing sarcoma development. EWS/FLI binds GGAA-microsatellite sequences in vivo and in vitro. These sequences provide EWS/FLImediated activation to reporter constructs, suggesting that they function as EWS/FLI-response elements. We now demonstrate the critical role of an EWS/FLI-bound GGAA-microsatellite in regulation of the NR0B1 gene as well as for Ewing sarcoma proliferation and anchorage-independent growth. Clinically, genomic GGAAmicrosatellites are highly variable and polymorphic. Current data suggest that there is an optimal "sweet-spot" GGAA-microsatellite length (of 18-26 GGAA repeats) that confers maximal EWS/FLIresponsiveness to target genes, but the mechanistic basis for this remains unknown. Our biochemical studies, using recombinant Δ22 (a version of EWS/FLI containing only the FLI portion), demonstrate a stoichiometry of one Δ22-monomer binding to every two consecutive GGAA-repeats on shorter microsatellite sequences. Surprisingly, the affinity for Δ22 binding to GGAAmicrosatellites significantly decreased, and ultimately became unmeasureable, when the size of the microsatellite was increased to the sweet-spot length. In contrast, a fully functional EWS/FLI mutant (Mut9, which retains approximately half of the EWS portion of the fusion) showed low affinity for smaller GGAAmicrosatellites but instead significantly increased its affinity at sweet-spot microsatellite lengths. Single-gene ChIP and genomewide ChIP-sequencing (ChIP-seq) and RNA-seq studies extended these findings to the in vivo setting. Together, these data demonstrate the critical requirement of GGAA-microsatellites as EWS/FLI activating response elements in vivo and reveal an unexpected role for the EWS portion of the EWS/FLI fusion in binding to sweet-spot GGAA-microsatellites.
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microsatellites | Ewing sarcoma | EWS/FLI fusion | transcriptional activation E wing sarcoma is an aggressive bone malignancy of children, adolescents, and young adults (1) . Disease pathogenesis is mediated by a t(11, 22)(q24;q12) chromosomal translocation that creates the EWS/FLI fusion oncoprotein. This fusion protein functions as a transcription factor and master regulator of oncogenic transformation by activating and repressing thousands of target genes (2, 3) . The amino-terminal EWS portion is a lowcomplexity/intrinsically disordered domain that is indispensable for both transcriptional regulation and oncogenic transformation but is not thought to contribute to DNA binding (4, 5) . The carboxyl-terminal FLI portion contains the conserved ETS-type DNA-binding domain and binds with high affinity to the ETS consensus sequence ACCGGAAGTG (6, 7) . The DNA binding domain is likewise necessary for EWS/FLI-induced oncogenesis. FLI and EWS/FLI each bind this high-affinity motif as a monomer with similar affinity and specificity (8) .
We, and others, previously demonstrated the enrichment of GGAA-microsatellites near EWS/FLI-regulated target genes (9, 10) . Our early studies found GGAA-microsatellites associated with genes transcriptionally activated, but not repressed, by EWS/FLI (9) . Many of these GGAA-microsatellites are bound by EWS/FLI in vivo, and there is a correlation between EWS/FLI binding and EWS/FLI-mediated gene activation. Furthermore, introduction of GGAA-microsatellite sequences confer EWS/FLI-responsiveness to reporter constructs (11) . These data suggest GGAA-microsatellites serve as EWS/FLI-response elements in vivo, but this has not been definitively shown.
The human genome contains thousands of GGAA-microsatellites. These display a great deal of sequence variability arising from base transitions and transversions, indels, and variation in number of GGAA-repeats. GGAA-microsatellites studied in detail demonstrate a high degree of polymorphism in populations (12) . For example, NR0B1 is a critical EWS/FLI-regulated target gene required for oncogenesis in Ewing sarcoma (13) . NR0B1 contains a GGAAmicrosatellite ≈1,500 bp upstream of the transcriptional start site that shows significant length polymorphism across populations and between individuals (12). Perhaps most interestingly, Ewing tumors Significance Ewing sarcoma is a pediatric bone malignancy driven by the fusion protein EWS/FLI. EWS/FLI mediates oncogenesis through its role as an aberrant transcription factor, but little is known about molecular mechanisms underlying this function. We demonstrate in Ewing sarcoma cells that EWS/FLI activates gene targets through binding at associated GGAA-microsatellites, and these repetitive sequences are necessary for Ewing sarcoma cell proliferation and anchorage-independent growth. Furthermore, we show a previously unknown role for the EWS portion of the fusion protein as critical in binding at EWS/FLI targets. Understanding the mechanism of EWS/FLI transcriptional regulation is imperative to expose novel, targetable biology to inhibit its function. Additionally, these insights provide a useful model for understanding the molecular complexities of other pediatric cancers.
demonstrate marked enrichment of a narrow range of GGAAmicrosatellite lengths in the NR0B1-associated microsatellite, with most containing 18-26 GGAA-repeats, suggesting a relationship between NR0B1 microsatellite length and tumor development (11) .
Our original biochemical studies focused on short microsatellite constructs containing 0-7 GGAA-repeats, and we found there was increasing EWS/FLI-mediated reporter gene activation as the number of GGAA-motifs increased (9) . However, subsequent work found this effect was maximal between 18-26 GGAA-repeats, and longer microsatellite lengths showed diminished EWS/FLI-responsiveness (11) . This led us to propose there is an optimal sweet-spot length of GGAA-microsatellite that provides maximal levels of EWS/FLI-mediated gene activation. The molecular basis for this sweet-spot maximal activity is not currently known.
To discover the mechanistic basis underlying optimal sweet-spot GGAA-microsatellite function, we combined in vivo studies of gene expression and oncogenic phenotype with in vitro biochemical evaluation of DNA-binding by EWS/FLI mutant alleles. We show EWS/FLI transcriptionally activates NR0B1 through its associated GGAA-microsatellite. Additionally, this particular microsatellite is required for EWS/FLI-mediated Ewing sarcoma oncogenic transformation, as measured by anchorage-independent colony formation. We also found smaller GGAA-microsatellites are only able to bind in vitro to versions of EWS/FLI that have near-complete deletions of the EWS portion of the fusion; in contrast, optimal sweet-spot microsatellites bind with higher affinity to versions of EWS/FLI that retain the EWS portion. Taken together, these data demonstrate an important role of the transcriptional regulatory EWS-domain of EWS/FLI in contributing to binding of sweet-spot GGAA-microsatellites and thus provide a biochemical basis for the enrichment of these microsatellite lengths in Ewing sarcoma.
Results
The NR0B1 GGAA-Microsatellite Is Required for EWS/FLI-Mediated Transcriptional Activation, Ewing Sarcoma Proliferation, and Oncogenic Transformation. NR0B1 encodes an orphan nuclear receptor whose expression is necessary for oncogenic transformation of Ewing sarcoma cells (13) . There is a highly polymorphic GGAAmicrosatellite at ≈1,500 bp 5′ to the NR0B1 transcriptional start site, which is bound by EWS/FLI in Ewing cells (9) . Knockdown of EWS/FLI expression causes a concomitant reduction in NR0B1 RNA and protein expression, suggesting NR0B1 is regulated by direct binding of EWS/FLI to its microsatellite (13) .
To explicitly test whether the GGAA-microsatellite is necessary for EWS/FLI-mediated activation of NR0B1, we used CRISPR/ Cas9 to delete the region containing the NR0B1 microsatellite in A673 Ewing cells. Genomic PCR and Sanger sequencing of isolated polyclonal cell populations demonstrated successful deletion of the GGAA-microsatellite in ≈80% of the polyclonal population ( Fig. 1A and Fig. S1 ).
To determine the effects of microsatellite loss on NR0B1 expression, we next evaluated mRNA and protein levels. Deletion of the microsatellite reduces NR0B1 expression at both the RNA and protein level by 80% or more compared with control cells (Fig. 1B) . Remaining NR0B1 expression is likely due to residual cells in the polyclonal population that did not undergo microsatellite excision, but we cannot exclude persistent low-level gene expression after microsatellite deletion. These data indicate the GGAA-microsatellite is required for full-level NR0B1 expression in Ewing sarcoma cells.
We next evaluated the role of the NR0B1 microsatellite on Ewing sarcoma cell behavior. Growth curves and anchorage-independent growth were determined for control and microsatellite-deleted cells, using live cell imaging and soft-agar assays, respectively. We found cells harboring deletion of the NR0B1 microsatellite exhibited an impaired proliferation rate and near-complete loss of colony formation (Fig. 1C) . Similar results were observed using TC71 and EWS502 Ewing sarcoma cells ( Fig. S2 A and B) . The effect was more subtle in these latter cells likely because of less complete microsatellite deletion coupled with a propensity for nondeleted cells to outgrow CRISPR knockout cells over time (Fig. S2C) . In contrast to these Ewing sarcoma cells, deletion of the GGAA-microsatellitecontaining region in non-Ewing HEK293 cells did not cause a decrease in NR0B1 mRNA or protein levels; instead, there was a non-statistically significant minor increase in mRNA levels following microsatellite excision (Fig. S2D) .
To determine if loss of oncogenic transformation of A673 cells following GGAA-microsatellite excision was due to loss of NR0B1 protein expression, we performed "rescue" experiments. We introduced an NR0B1 cDNA into A673 cells by retroviral infection and drug selection and followed this by deletion of the GGAA-microsatellite using the lentiviral system described above. Enforced NR0B1 expression rescued both NR0B1 protein levels and colony formation in soft agar (Fig. S2E ), suggesting loss of transformation resulted from loss of NR0B1 protein expression and not from an off-target or other nonspecific effect. Collectively, these data indicate the GGAA-microsatellite is required for fulllevel expression of the NR0B1 gene, tissue-culture proliferation, and anchorage-independent growth of Ewing sarcoma cells. The FLI Domain of EWS/FLI Interacts with Short GGAA-Microsatellites as Monomers via Independent Binding Events. Our prior studies evaluating interactions between EWS/FLI and short GGAAmicrosatellite sequences containing 0-7 consecutive GGAA-repeats suggested that FLI exhibits homodimeric binding on elements containing four or more GGAA-repeats with a dissociation constant (K D ) of ∼70 nM (14) . These data were based on a combination of electrophoretic mobility shift assays and fluorescence anisotropy studies using two recombinant mutants of EWS/FLI: the isolated 101 amino acid FLI ETS domain, and the Δ22 mutant, containing all of the FLI portion of EWS/FLI and six amino acids from the EWS portion (9, 14) . These studies did not evaluate larger microsatellite sequences and thus were unable to address the stoichiometry and potential for cooperative binding on longer GGAA-microsatellites.
To determine the stoichiometry of EWS/FLI binding on GGAA-microsatellites of more relevant lengths (i.e., longer microsatellites), we conducted fluorescence anisotropy studies using the same Δ22 construct (Fig. S3A ) used in our earlier studies (3). Using fluorescein-labeled DNA duplexes containing increasing numbers of consecutive GGAA-motifs, ranging from 2 to 16 repeats, we found a highly consistent stoichiometric ratio of one Δ22 monomer binding for every two GGAA repeats (R 2 = 0.9881; Fig. 2A and Fig. S3B ). Additional evaluation revealed one Δ22 monomer binds two GGAA-repeats, and two monomers binds three repeats, the only ratio inconsistent with the established 1:2 pattern ( Fig. 2A and Fig. S3C ). These data differ slightly from our previous studies, which suggested Δ22 is unable to bind three or fewer GGAA-repeats (9) . The reason for this discrepancy is unknown but may be related to differing sensitivities of EMSA (used in prior studies) and fluorescence anisotropy (used in this study). Overall, the stoichiometry experiments suggest a "head-totail" binding model whereby single molecules of Δ22 can "anchor" to Δ22 molecules already bound on the microsatellite and extend a "chain" of bound Δ22 one molecule at a time.
The head-to-tail model suggests that increasing numbers of GGAA-repeats would manifest as higher affinity (i.e., lower K D ) for Δ22 binding to longer compared with shorter GGAAmicrosatellites, because greater numbers of bound Δ22 would stabilize the bound chain. We therefore used fluorescence anisotropy to determine the K D of Δ22 binding to GGAA-microsatellites of increasing numbers of GGAA-motifs. Instead of decreasing K D values for increasing numbers of GGAA-motifs, we found that Δ22 binds each of the sequences with a nearly identical binding affinity (57.5-68.2 nM; Fig. 2B ). This suggests the head-to-tail model is not correct, but instead Δ22 binds each pair of GGAArepeats via independent binding events.
EWS Sequences Are Required for EWS/FLI Binding to Sweet-Spot
GGAA-Microsatellite Lengths in Vitro. The analysis we performed above included GGAA-microsatellite sequences ranging from 2 to 16 consecutive GGAA-repeats. We next considered the possibility that sweet-spot microsatellite lengths might be optimal for gene expression because of improvements in affinity of the FLI DNA-binding domain for these longer repeat lengths. To test this possibility, we again used fluorescence anisotropy to evaluate binding of Δ22 to GGAA-microsatellites containing 18-22 consecutive GGAA-repeats. Unexpectedly, we found the affinity of Δ22 progressively worsened as the microsatellite length increased and was unmeasureable at the longest microsatellite tested (22 repeats; Fig. S4A ). It is known Δ22 is unable to rescue oncogenic transformation of Ewing sarcoma cells in which endogenous EWS/FLI has been knocked down (5) . This has been assumed to be due to the absence of a transcriptional regulatory domain contributed by the EWS portion of the fusion. The current data suggest an additional possibility: that Δ22 also fails to bind GGAA-microsatellites in vivo.
It is clear full-length EWS/FLI binds sweet-spot GGAAmicrosatellites in vivo and rescues oncogenic transformation of Ewing sarcoma cells (4, 14) . We therefore sought to determine whether the inclusion of EWS sequence would change the binding characteristics of the fusion in vitro. Full-length EWS/FLI is challenging to purify as a recombinant protein in a fully functional form as the low-complexity/intrinsically disordered EWS portion tends to cause aggregation of the protein in vitro (15) . To circumvent this challenge, we instead purified a mutant form (Mut9) containing an internal deletion of 164 amino acids that comprise much of the intrinsically disordered domains of the EWS portion of the EWS/FLI fusion. Mut9 fully rescues oncogenic transformation in Ewing sarcoma and regulates the limited number of genes tested in a manner nearly identical to full-length EWS/FLI (see below for Mut9 global transcriptional analysis) (4). This construct is, however, readily purified as a recombinant protein, and we therefore used it in place of full-length EWS/FLI.
We analyzed recombinant Mut9 binding to a series of GGAAmicrosatellite sequences using fluorescence anisotropy. In the case of suboptimal/shorter GGAA-repeat sequences, we found Mut9 binds with poor affinity (K D in the 3-6 μM range for 8-12 GGAA-repeats; Fig. 2C ). Interestingly, the K D significantly improves as the number of GGAA-motifs is increased into sweet-spot lengths: At 22 GGAA-repeats, the K D decreased to 805 nM (Fig.  S4B ). These data demonstrate a significant change in binding capacity to GGAA-microsatellites that is dependent on the EWS portion of the EWS/FLI fusion: Δ22 binds well to short but not sweet-spot microsatellites, while Mut9 binds to sweet-spot, but not shorter, microsatellites (Fig. 2C) . Taken together, these data demonstrate the transcriptional regulatory EWS domain plays an unanticipated but critical role in binding of the EWS/FLI fusion to sweet-spot GGAA-microsatellite regulatory elements.
GGAA-Microsatellite Lengths in Vivo. The work we presented on GGAA-microsatellite binding thus far used recombinant proteins and DNA duplexes in an in vitro setting. These in vitro studies are limited by their inability to account for the more complicated intracellular milieu and additional protein-protein interactions present in living Ewing sarcoma cells. To address this issue, we next performed in vivo experiments to test our model. We previously demonstrated EWS/FLI activation of luciferase reporters containing GGAA-microsatellites reveals a sweet spot of ≈20-30 GGAA-repeats. To test whether Mut9 demonstrates a similar sweet-spot preference, we performed luciferase reporter assays using GGAA-repeat lengths from 10 to 70 repeats (Fig.  S5A) . We found peak Mut9 responsiveness at 40 repeats and evidence of a second peak in the 70-repeat range (generally similar to what was previously observed with full-length EWS/FLI). These data indicate Mut9 functions in an analogous manner to wild-type EWS/FLI in this reporter system. In contrast, a Mut9/R2L2 mutant, which contains a two-amino acid substitution in the DNA-binding domain of the FLI portion (Fig. S3A ) and cannot bind DNA (3), does not induce transcriptional activation, regardless of GGAArepeat length (Fig. S5A) . Thus, our data suggest a requirement for both the EWS and FLI portions of the fusion for DNA binding and transcriptional activation.
We next extended these findings to endogenous genes in patient-derived A673 Ewing sarcoma cells. We "knocked down" EWS/FLI with a retrovirally expressed shRNA (EF-2-RNAi) or used a control RNAi-targeting luciferase (Luc-RNAi) and "rescued" expression with RNAi-resistant cDNAs expressing either wild-type EWS/FLI, Mut9 or Δ22, or an empty-vector control. As previously reported (3), both wild-type EWS/FLI and the Mut9 mutant rescue oncogenic transformation, while the Δ22 and empty-vector controls did not (Fig. S5B) . RNA-seq was next performed on these polyclonal populations of cells. Unsupervised hierarchical clustering revealed that Mut9-rescued cells clustered (and intermixed) with the wild-type EWS/FLI-rescued cells (Fig. 3A) . These had gene expression patterns that were highly similar to cells treated with the Luc-RNAi control. In contrast, the Δ22-rescued cells clustered (and intermingled) with empty-vector rescue cells (Fig. 3A) . These data indicate Mut9 shares a nearly identical gene expression pattern with wild-type EWS/FLI and therefore validates its use as an "EWS/FLIequivalent" version.
To determine whether GGAA-microsatellite repeat number affects EWS/FLI-and Mut9-mediated gene activation, we next selected a handful of EWS/FLI-regulated genes containing nearby microsatellites of varying lengths (range: 6-38 GGAA-repeats) and plotted their EWS/FLI-induced gene expression from our RNA-seq data. Genes associated with microsatellites containing 18-26 GGAA-repeats had high levels of EWS/FLI-and Mut9-mediated gene activation (Fig. 3B) . In contrast, those with fewer or greater numbers of repeats showed diminished EWS/FLI-and Mut9-mediated activation. As anticipated, Δ22 showed little if any gene regulatory activity.
We next asked whether the EWS portion of EWS/FLI is critical for binding sweet-spot GGAA-microsatellites in vivo. We performed directed ChIP-PCR experiments using an anti-FLI antibody. We used the A673 knockdown/rescue approach described above and rescued expression with cDNAs expressing either wild-type EWS/FLI, Mut9, Δ22, or the R2L2 DNAbinding mutant (16) . Schematics of the EWS/FLI mutants are shown in Fig. S3A . Following ChIP, we performed qPCR for the NR0B1 microsatellite as an example sweet-spot microsatellite (containing 25 GGAA-repeats). We found wild-type EWS/FLI and Mut9 both demonstrate binding enrichment at this site, whereas Δ22 and R2L2 do not (Fig. S6A) . Similarly, when introduced into the non-Ewing sarcoma cell line HEK293, both wild-type EWS/FLI and Mut9 show enrichment at the NR0B1 GGAA-microsatellite, while Δ22 and R2L2 do not (Fig. S6B) .
We next compared the genomic localization of Mut9 to Δ22 using the knockdown/rescue strategy in A673 Ewing sarcoma cells. ChIP-seq demonstrated that Mut9 was globally enriched at EWS/FLI binding sites across the human genome, while Δ22 binding was not significantly enriched over control cells expressing an empty-vector rescue construct (Fig. 4 and Fig. S6C ). Residual FLI binding present in the empty-vector and Δ22 rescue samples reflects the incomplete knockdown observed with our EWS/FLI shRNA. Overall, these data extend our in vitro findings: The EWS portion of EWS/FLI is required for in vivo DNA binding.
Taken together, these data highlight a previously unrecognized requirement for sequences contributed by the EWS portion of the EWS/FLI fusion in DNA binding and gene activation. Furthermore, these data localize the portion of EWS required for this activity to the portion retained in the Mut9 construct (amino acids 1-82 and 246-264 of the EWS portion of full-length EWS/FLI).
Discussion
EWS/FLI is a modular transcription factor containing an ETS-type DNA binding domain in the FLI portion of the fusion and a transcriptional activation/repression domain in the EWS portion of the fusion (4) . We now demonstrate an unanticipated critical modulatory role for the EWS portion in EWS/FLI binding to GGAA-microsatellites: At shorter microsatellite lengths, the EWS portion inhibits binding, and at longer sweet-spot lengths, the EWS 
We and others first identified GGAA-microsatellites as potential EWS/FLI response elements using ChIP-chip, luciferase reporter, and in vitro DNA binding assays (9) (10) (11) . However, the data implicating GGAA-microsatellites as requisite EWS/FLI response elements was circumstantial at best. In the current report, we demonstrate the region containing the GGAA-microsatellite adjacent to the NR0B1 gene is required for activation of that gene in Ewing sarcoma, and genetic deletion of that region disrupts normal Ewing sarcoma cell growth and colony formation in soft agar. These studies explicitly link EWS/FLI-bound GGAA-microsatellites to cancerous phenotypes in Ewing sarcoma. These data support the notion that alterations in GGAA-microsatellite function (for example, through microsatellite-length polymorphisms) can have significant effects on Ewing sarcoma development. This is important because we have shown significant population differences in GGAA-microsatellite length polymorphisms between African and European populations: Europeans have a significant enrichment in sweet-spot length GGAA-microsatellites at the NR0B1 locus compared with Africans, who have greater numbers of larger microsatellites (>30 GGAA-repeats) (12) . These data correlate with the incidence of Ewing sarcoma in these two populations: Europeans have a 10-fold higher incidence of Ewing sarcoma compared with Africans (12) . Furthermore, patients who develop Ewing sarcoma have an even higher level of enrichment of sweetspot microsatellites (11) . These data were certainly suggestive of a contribution of the NR0B1 microsatellite polymorphisms in Ewing sarcoma susceptibility, but our current demonstration of the necessity for the adjacent GGAA-microsatellite in NR0B1 gene expression provides an explicit linkage between these findings. These data also support a recent study suggesting a Ewing sarcomasusceptibility locus creates a sweet-spot microsatellite in the risk allele and this leads to increased expression of the EGR2 gene and Ewing sarcoma development (17) .
The in vitro and in vivo studies presented in this report strongly corroborate one another and indicate the EWS portion of the EWS/FLI fusion is critical for binding of EWS/FLI to sweet-spot microsatellites. These data provide a mechanistic rationale for the presence of sweet-spot microsatellites: If GGAA-microsatellites are too short, EWS/FLI is not able to bind well. Thus, EWS/FLI binding and associated gene activation is only possible at microsatellites exhibiting at least sweetspot numbers of GGAA-repeats. We do not currently have the capability to assess microsatellite lengths longer than sweet-spot lengths in our in vitro studies, but we anticipate that longer microsatellite lengths would be inefficient at binding EWS/FLI.
Interestingly, recent published data indicate EWS/FLI-bound GGAA-microsatellites in Ewing sarcoma are in an open chromatin state, while knockdown of EWS/FLI results in a closed chromatin configuration at these loci (18) . Conversely, introduction of EWS/FLI into mesenchymal stem cells converts closed chromatin into an open state (18, 19) . These data suggest an important role of EWS/FLI at GGAA-microsatellites is to convert closed chromatin to an open state to enable transcriptional activation. The implication is EWS/FLI might function at these loci as a "pioneer factor," binding DNA and recruiting chromatin-modifying complexes to induce an open-chromatin configuration (20) . An intriguing interpretation of our data is EWS/FLI may induce this chromatin opening at GGAAmicrosatellites via a "mechanical" biophysical mechanism: Initial binding of EWS/FLI at sweet-spot microsatellites might facilitate the binding of additional EWS/FLI molecules and essentially open the chromatin through a "coating" mechanism. Our data therefore implicate the EWS portion of the fusion as critical in facilitating DNA accessibility.
Our data do not speak to the detailed mechanism by which the EWS portion of EWS/FLI participates in fusion binding to sweet-spot microsatellites. It is tempting to speculate a polymerization process, mediated by the EWS portion, is involved. FUS, a paralog of EWS, is also involved in chromosomal translocations leading to oncogenic fusion transcription factors. FUS is capable of polymerizing and forming hydrogels under certain conditions (21) . When the amino terminus of FUS is joined to the FLI DNA binding domain, addition of GGAAmicrosatellite sequences appears to trigger polymerization of the fusion. This is thought to occur at a series of [G/S]Y[G/S] amino acid repeats (21) . Similar [G/S]Y[G/S] repeats are present in the amino-terminal portion of EWS that is included in the EWS/FLI fusion protein (21) . Future studies will be required to determine if polymerization, via the EWS-portion, is required for binding to sweet-spot GGAA-microsatellites.
In addition to GGAA-microsatellite binding, a significant portion of the EWS/FLI fusion is bound to high-affinity ETS sites (9, 18) . One limitation of the current study is we did not evaluate the role of the EWS portion of the fusion on binding to these high-affinity sites. Studies addressing this question may shed additional light on the mechanism of EWS/FLI binding to, and activation of, its target genes.
In summary, we provide strong evidence for a critical role of the NR0B1 GGAA-microsatellite in Ewing sarcoma development and provide mechanistic details for the ability of EWS/FLI to bind to GGAA-microsatellites at sweet-spot lengths. These data indicate the role of the EWS portion of the fusion protein is not simply to interact with transcriptional coregulators to mediate gene expression, but it is also required for binding to GGAA-microsatellites. Furthermore, this work suggests opportunities in targeting of the fusion: Approaches that disrupt the DNA-binding modulatory role of the EWS portion of EWS/FLI may be sought out as new therapeutic approaches for patients with Ewing sarcoma.
Materials and Methods
Constructs and Retroviruses. Mammalian expression constructs included the following: Lentiviral vectors containing CRISPR/Cas9 cDNA and sgRNA (SI Materials and Methods); retroviral vectors encoding Luc-RNAi and EF-2-RNAi and cDNAs for EWS/FLI, Δ22, R2L2, Mut9, and NR0B1 are previously described (4, 13, 22, 23) ; the Mut9/R2L2 construct was ordered as a gene block (IDT) and cloned into the pMSCV hygro vector between EcoRI and HindIII restriction sites. Luciferase reporter constructs included human-derived NR0B1 GGAA-microsatellite polymorphic or synthetic GGAA constructs cloned upstream of the pGL3-promoter SV40 minimal promoter element (Promega Corporation), as described previously (9, 11) . Bacterial expression constructs included cDNAs for 6xHis-Δ22 and Halo-Tagged-Mut9 in pET28a and pFN18K, respectively (EMD Chemicals, Promega Corporation).
Cell Culture. HEK 293EBNA and Ewing sarcoma cell lines were grown as previously described (13, 23) . Cells were infected with CRISPR/Cas9 lentiviral constructs for NR0B1 microsatellite knockout experiments as previously described (22) . A673 cells were used for EWS/FLI knockdown/rescue experiments. Growth assays were performed on the IncucyteZoom live cell imager. Soft agar assays were performed as described previously (23) .
CRISPR/Cas9. Two lentiviruses expressing Cas9 and distinct CRISPR sgRNAs (see Table S1 for sequences) and either puromycin and blastocidin resistance markers were used to infect target cells. Vectors were provided by the University of Utah MGD Core (cores.utah.edu/mutation-generation-detection/). A ∼700-bp region containing the NR0B1 GGAA-microsatellite was deleted and was the smallest that could be targeted with high-quality sgRNAs due to the region's repetitive nature. Control lentiviruses lacked the sgRNA sequences. Genomic DNA from drug-selected polyclonal cell populations was isolated within 10 d of infection, PCR amplified (using primers listed in Table S1 ), and sequenced to verify NR0B1 microsatellite deletion (Fig. S1 ). Results were validated by gel electrophoresis (Fig. 1A) . RNA and protein were collected within 2-3 wk of CRISPR/Cas9 infection. A673 genomic DNA was collected weekly for 3 wk to assess stability of CRISPR/Cas9-mediated knockout (Fig. S2C) .
qRT-PCR. RNA was collected using an RNeasy Kit (Qiagen). Total RNA from cells was amplified and detected using SYBR green fluorescence for quantitative analysis (23) . Primer sequences are listed in Table S1 .
Immunodetection. Antibodies used for immunodetection were as follows: anti-FLI (ab15289; Abcam), anti-α-Tubulin (CP06; Calbiochem), and anti-NR0B1 (ab97369; Abcam).
FLI ChIP and ChIP-Seq. FLI ChIP experiments were performed as previously described (24) using the anti-FLI antibody (sc-356X; Santa Cruz Biotechnology, Inc.) and chromatin prepared from A673 and HEK 293 EBNA cells. ChIP DNA and input controls were sequenced with the HiSeq Illumina Genome Analyzer, and data were analyzed following the procedures previously described (25) (26) (27) . See SI Materials and Methods for additional information.
RNA-Seq Data Collection and Analysis. See SI Materials and Methods for RNAseq data collection and analysis.
Protein Purification. Recombinant proteins were expressed in BL21-competent cells from pET28a or pFN18K (EMD Chemicals, Promega) expression plasmids encoding Δ22 and Mut9, respectively. Batch purification conditions are available in SI Materials and Methods.
Fluorescence Polarization. Fluorescein-labeled DNA duplexes were obtained from IDT (Integrated DNA Technologies). Sequences are listed in Table S2 . Fluorescence polarization was performed using a BioTek Synergy2 fluorometer. Recombinant protein preparation is described in SI Materials and Methods. DNA duplex (I) (containing a high-affinity ETS binding site) was used as a control for monomeric protein binding. Binding and stoichiometry assays were performed as before (14) . Affinity plots and curve fits were generated using the GraphPad Prism program (GraphPad Software). See detailed procedures in SI Materials and Methods.
Luciferase Assays. Luciferase reporter assays were performed by transfecting reporter constructs as well as appropriate EWS/FLI expression constructs into HEK 293 EBNA cells. Luminescence was measured after 24 h as described previously (11) . See SI Materials and Methods for details.
